ABSTRACT Synthesis of a family of proteins called "heat shock" proteins is induced or enhanced in cells in response to various environmental stresses, suggesting that these proteins may perform functions essential to cell survival. Because a brief, nonlethal heat treatment can dramatically induce a transient resistance to a subsequent lethal heat treatment (thermotolerance), we examined the effect of heat treatment (41-460C) on protein synthesis and cell survival in.plateau-phase Chinese hamster fibroblast (HA-1) cells. After heat treatments that either drastically inhibited total protein synthesis (46C) or did not suppress it (41°C), the synthesis of'heat shock proteins was greatly enhanced over that in unheated cells, and cell survival was increased 102_ to 106-fold when cells were challenged by a subsequent lethal heat treatment. The synthesis of heat shock proteins correlated well with the development of thermotolerance, and the stability of these proteins correlated well with the persistence of thermotolerance up to 36 hr. Sodium arsenite, hypoxia, and ethanol also induced both the synthesis of heat shock proteins and transient thermotolerance. A qualitative analysis of individual proteins suggests that the synthesis and persistence ofpolypeptides of Mr 70,000 or 87,000 most closely conformed to the kinetics of thermotolerance.
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In the past few years, the induction or enhanced synthesis of a family of proteins in response to heat, other environmental stresses, and various chemical and mechanical treatments has been reported in cells from. yeast to mammals (1) (2) (3) (4) (5) (6) . The function of these "heat shock" proteins is not well understood, but they may be essential to cell survival after certain kinds of environmental stress (3, 7, 8) . Heat shock affects both transcription and translation in cells (7) .
Mammalian cells exposed to a nonlethal heat treatment have been shown to acquire a transient resistance to subsequent heat challenge, as determined by an increase in cell survival. This phenomenon has been termed thermotolerance (9) (10) (11) (10) . Heating of monolayers ofcells by the protocols described in Results was carried out in hot waterbaths in incubators (15) . The pH of the medium overlaying the cells was maintained at 7.2-7.4 by a regulated gas flow of a mixture of air and CO2 and was monitored immediately before and after heating. 16 24 Time between treatments at 370C, hr followed by 0-4 hr ofincubation at 370C and then a second treatment at 450C for 40 or 25 min, for a total heating time of45 min (Fig. 3) . The induction of thermotolerance and the synthesis of heat shock proteins depended on the duration ofthe initial 450C treatment. A 20-min initial exposure at 450C introduced a subsequent delay of %2 hr in the onset of thermotolerance, as shown by the lag in the increase in survival values compared with a 5-min heat shock. Protein synthesis also was suppressed more drastically during the 2-hr interval after the 20-min heat shock than after the 5-min treatment. As protein synthesis recovered, the rate of synthesis of the Mr 70,000, 87,000, and l10 r a 97,000 proteins was significantly enhanced over that of unheated cells. The rate of synthesis of the Mr 97,000 protein was temperature dependent; after the 45°C treatment, it was relatively lower than after the 460C treatment, when compared at the same survival level (Figs. 1 and 3) , and this change was progressive between 410C and 47°C (data not shown). 1 hr at 37TC and incubated at 37TC for 0-36 hr. The rate of decay of thermotolerance was much slower than the rate of induction (Fig. 4) . After 36 hr, cell survival decreased only from 30% to 10%. These survival results correlate well with the persistence of the heat shock proteins synthesized between hours 6 and 7 after heating. Up to 36 hr after pulse-labeling, no significant decay of the Mr 70,000 and 87,000 proteins was detected. In contrast, the Mr 97,000, 31,000, and 26,000 proteins decayed more rapidly.
Induction of Thermotolerance and Heat Shock Protein Synthesis by Agents Other than Heat. In various biological systems, other agents, such as sodium arsenite, induce some proteins similar to those induced by heat (6, 7) . It was our interest to test whether those agents also induced thermotolerance and synthesis of heat shock proteins. We compared exponentially growing HA-1 cells exposed to 45TC for 15 min with cells treated with sodium arsenite (Fig. 5) . After an initial exposure to either heat shock or sodium arsenite, the cells acquired a tolerance to the subsequent heat challenge, as evidenced by the increase in survival values. Six hours after either treatment, proteins of Mr 70,000, 87,000, and 97,000 were synthesized in greater amounts than in untreated cells. Ethanol and hypoxia, which also induce thermotolerance (refs. 16 and 21 ; unpublished data), were also examined for induction of heat shock protein synthesis (Fig. 5b) , and the same results were observed.
DISCUSSION
Our data suggest that heat shock proteins may play a pivotal role in development of thermotolerance. Transcription is strongly affected by the heat shock response; it seems likely that heat shock proteins, through their association with the nuclear matrix (22) external stresses. Thus, the proteins that correlated less well with development of thermotolerance may well have functions distinct from protecting heat-sensitive targets. Alternatively, they may represent a mosaic of events whose overall effect is thermotolerance. The mechanisms by which these proteins might protect cells from lethal heat treatments remain unknown. Correlation studies using endpoints other than survival might be powerful tools for the identification of the roles of individual proteins, although definitive cause/effect relationships between these proteins and survival await future studies.
The practical importance of understanding the function of these proteins in the induction of thermotolerance is emphasized by recent studies showing that thermotolerance can be induced in certain tumors and normal tissues (23) , and that heat shock proteins can be induced in normal tissues (24) and mouse tumors (unpublished data).
